Introduction {#S0001}
============

Multiple sclerosis (MS) is a chronic, demyelinating and neurodegenerative disease that affects the central nervous system (CNS). It often presents in early adulthood with a lifelong impact. Approximately 80% of patients with MS present with an initial relapsing-remitting disease course (RRMS), characterized by periods of acute episodes of focal neurological deficits followed by recovery, which is amenable to treatment with disease-modifying therapies (DMTs). Eventually, a significant number of these individuals will progress to secondary progressive MS (SPMS) where neurological disability accumulates. A smaller proportion of individuals present with primary progressive MS (PPMS) characterized by progressive accumulation of neurological disability from the onset of the disease without superimposed acute events.

There are currently over a dozen DMTs that have been approved by the United States Food and Drug Administration (FDA) for the treatment of relapsing forms of MS. This review will focus on patient reported outcomes while on dimethyl fumarate (DMF) therapy, one of the most frequently used first-line therapies worldwide. DMF is an easy-to-use, effective, and generally well-tolerated oral medication that is FDA-approved for relapsing MS (relapsing remitting \[RRMS\] and active secondary progressive \[SPMS\]). DMF has demonstrated clinical efficacy in two randomized, double-blind, placebo-controlled clinical trials -- DEFINE[@CIT0001] and CONFIRM.[@CIT0002] These trials established that DMF was superior to placebo in reducing annualized relapse rate (ARR),[@CIT0001],[@CIT0002] disability progression,[@CIT0001] occurrence of gadolinium-enhancing lesions,[@CIT0001] and occurrence of new or enlarging T2-weighted hyperintense lesions[@CIT0001],[@CIT0002] on MRI. As of January 31, 2019, more than 385,000 patients have been treated with DMF, which represents over 710,000 years of patient exposure (unpublished data: Tecfidera Patient Exposure; Biogen Medical Information; 2019). DMF is taken twice daily and has afavorable safety profile compared to other available oral therapies for the treatment of MS.[@CIT0003] Given its wide utilization, it is important to examine real-world patient-reported indicators of efficacy and satisfaction with this therapy. In the DMT era for MS, there has been an increasing emphasis on apatient-centered approach to clinical management.[@CIT0004] It has become more apparent that there is some discrepancy between patients and physicians with respect to the perception of disease impact and quality of life (QoL), both among persons with MS (PwMS) and among other disease states.[@CIT0005],[@CIT0006] Therefore, for best medical management, it is critical to understand patients' perceptions regarding disease symptomology and treatment efficacy, as well as the limitations they are experiencing. Though still underutilized, researchers and clinicians have begun to recognize the value of patient-reported outcomes (PROs) and have begun to incorporate them into research studies and clinical practice with an increasing number of different PROs. However, it is challenging to establish valid PRO measures which can be easily utilized longitudinally in routine clinical practice as well as in research studies. Despite efforts to do so, there is still alack of gold standard PRO measures in general, and specifically in the MS field.

Given the wide-utilization of DMF and the increasing importance of PROs in assessing treatment efficacy in MS, the objective of this review is to examine studies which have assessed the effect of DMF as a treatment for MS on PRO measures. We will present some of the more commonly used PROs in MS and will summarize the results from published studies specific to the use of DMF. The literature search strategy is described in [Table 1](#T0001){ref-type="table"}. Table 1Literature Search CriteriaDatabasePubMed, Google ScholarDate1985 - July 2019Eligibility criteriaStudies conducted on humans; Published in EnglishMeSH Keywords/Keyterms"multiple sclerosis" AND "patient-reported outcome", "multiple sclerosis" AND "quality of life", "dimethyl fumarate" AND "patient-reported outcomes", "dimethyl fumarate" AND "quality of life"[^1]

Significance and Utility of Patient-Reported Outcomes in Multiple Sclerosis {#S0002}
===========================================================================

Patient-reported outcomes have been defined as outcomes obtained "directly from the patient, without interpretation of the patient's response by a clinician or anyone else,"[@CIT0007] and are typically obtained through self-administered questionnaires. PROs can comprise a variety of topics and many of the most commonly used PROs assess domains such as QoL, physical functioning and disease symptoms. PROs are particularly valuable in MS in part because the disease presentation is so variable. PwMS can present with a wide range of symptoms, from fatigue and depression to vision problems, to sensory symptoms and pain, to bowel and bladder difficulties and more. Additionally, PwMS often have a different perception of their disease than clinicians and PROs represent a means of capturing the overall patient experience that well-complements what is observed during the neurological exam.[@CIT0005],[@CIT0008] It has also been documented that PwMS and their treating physicians have reported differences in the importance of various QoL indicators further indicating that concerns for patients are often different than concerns for physicians.[@CIT0009] Furthermore, a previous study has indicated that PROs were able to predict disability worsening among PwMS better when added to the objective clinical assessment.[@CIT0010]

PROs are important for patients in a real-world setting, but also more recently the FDA has recommended inclusion of PROs as secondary and/or tertiary outcome measures in clinical trials.[@CIT0011] As the recognition of the value of PROs has increased, so has the number of existing PRO measures. Previous studies have estimated that there are over 400 published PROs overall and nearly 100 that are specific to MS.[@CIT0012] The most commonly utilized PROs for clinical trials were classified into the following domains: symptoms, function, QoL, caregiver burden and other (including self-efficacy and treatment satisfaction);[@CIT0012] see [Table 2](#T0002){ref-type="table"} for commonly used PROs in MS. Table 2Patient-Reported Outcome Measures Frequently Used in Multiple SclerosisDomainCategoryNameHealth-related Quality of LifeMS-SpecificFunctional Assessment of Multiple Sclerosis[@CIT0052]Health-related Quality of LifeMS-SpecificMSQoL[@CIT0053]Health-related Quality of LifeMS-SpecificMSQLI[@CIT0051]Health-related Quality of LifeMS-SpecificHAQUAMS[@CIT0043]Health-related Quality of LifeGenericSF-36[@CIT0032]Health-related Quality of LifeGenericEQ-5D[@CIT0033]SymptomsFatigueFatigue Severity Scale[@CIT0054]SymptomsFatigueModified Fatigue Impact Scale[@CIT0036]SymptomsFatigueUnidimensional-Fatigue Impact Scale[@CIT0055]SymptomsFatigueThe Fatigue Scale for Motor and Cognitive Function[@CIT0056]SymptomsFatigueThe Neurological Fatigue Index-MS[@CIT0057]SymptomsTotalSymptom Inventory[@CIT0058]SymptomsTotalMS-Related Symptoms Checklist[@CIT0059]SymptomsOtherMS Intimacy and Sexuality Questionnaire[@CIT0060]SymptomsOtherActionable Bladder Symptom Screening Tool[@CIT0061]FunctioningFunctioningPatient-Determined Disease Steps[@CIT0062]FunctioningFunctioningMS Rating Scale[@CIT0063]FunctioningFunctioningMultiple Sclerosis Impact Scale (MSIS-29)[@CIT0064]FunctioningFunctioningMS Walking Scale −12[@CIT0065]FunctioningFunctioningLIFEware PRO[@CIT0066]FunctioningFunctioningFalls Prevention Strategies Survey[@CIT0067]OtherEmploymentWork Productivity & Activity Impairment: MS[@CIT0041]OtherSelf-efficacyMS Self-efficacy Scale (Rigby)[@CIT0068]OtherSelf-efficacyMS Self-efficacy Scale (Schwartz)[@CIT0069]OtherSelf-efficacyLiverpool MS Self-efficacy Scale[@CIT0070]OtherSelf-efficacyThe Unidimensional Self-efficacy Scale for MS[@CIT0071]OtherKnowledge & AcceptanceThe Multiple Sclerosis Knowledge Questionnaire[@CIT0072]OtherCognitionMultiple Sclerosis Neuropsychological Screening Questionnaire (MSNQ)[@CIT0073]OtherCognitionPerceived Deficits Questionnaire[@CIT0074]CaregiverCaregiverCaregiving Tasks in MS[@CIT0075]CaregiverCaregiverCarer Sense Making Scale (CSMS)[@CIT0076]CaregiverCaregiverBenefit Finding in MS Scale[@CIT0077]

Though many of these PRO measures have been privately created and validated, other large organizations have developed PRO measures as well. For example, the US National Institutes of Health (NIH) funded an initiative to develop PRO measures -- the Patient-Reported Outcomes Measurement Information System (PROMIS).[@CIT0013],[@CIT0014] The goal of this initiative was to create a publicly available PRO measure for several domains (health, physical function, fatigue, pain, sleep, emotional, and social health) that could be standardized across studies. Though not mandatory, the inclusion of these PROs in US federally funded studies is encouraged for standardization and comparison.

Finally, as part of the transition to the Merit-based Incentive Payment System under the Affordable Care Act for provider payments will be based on "quality of care" for Medicare reimbursement. The evaluation will include PROs as incentive-based performance systems and ultimately will serve to reward providers whose patients report improvement in patient-specific domains.[@CIT0015] Furthermore, utilizing PROs developed for the evaluation of health care in the incentivized systems will help to preserve a patient-centered approach in clinical care.

It is important to emphasize that the rapid development and use of PROs has not always been followed by rigorous validation and the determination of clinically meaningful change within individual measures. For many PROs not specific to MS, there is little explanation when choosing a PRO for use in PwMS,[@CIT0016] and often a measure may be chosen because of a lack of PROs validated in the MS population.

Disease Modifying Therapies for Multiple Sclerosis {#S0003}
==================================================

Multiple sclerosis as a specific disease did not become recognized by the medical community until the 1870s. Since that time, scientific discovery has provided us with invaluable insight into the MS disease pathogenesis and has led to the development of 19 different DMTs. It was not until 1993 that the first DMT shown to affect MS disease activity, interferon (IFN) beta 1b, was approved. Subsequently, several more injectable medications were developed, including intramuscular and subcutaneous IFN beta 1a, subcutaneous IFN beta 1b, and subcutaneous glatiramer acetate. Due to their excellent long-term safety, these medications are still frequently preferred by patients and clinicians, with their use limited primarily by tolerance issues related to injection site reactions, flu-like symptoms, and rarely depression.

A new era in MS treatment began in 2010, with the advent of oral medications. These include fingolimod, DMF, teriflunomide and, more recently, siponimod, cladribine and diroximel fumarate. Four other DMTs with intravenous route of administration including natalizumab, rituximab (use of which in MS is off-label), alemtuzumab and ocrelizumab also became available. Although intravenously-administered DMTs provide higher efficacy, better compliance and convenience (eg once a year dosing for alemtuzumab and twice a year dosing with ocrelizumab), they are also associated with a higher risk for side effects including opportunistic infections and possible cancer. Identification of the most appropriate therapeutic intervention for an individual patient is a challenge and is the subject of several large ongoing clinical trials.

The focus of this review is DMF, a twice-daily medication which has been widely used in the MS population, with a unique but not yet fully understood mechanism of action which may involve multiple downstream pathways.

Dimethyl Fumarate {#S0004}
=================

DMF is a fumaric acid ester (FAE) and its mechanism of action is thought to be primarily mediated by its main metabolite, monomethyl fumarate (MMF), which is mostly produced via hydrolysis in the small intestine. Prior to DMF's approval by the FDA for the treatment of RRMS in the United States in March 2013, other fumarate products were approved primarily for the treatment of psoriasis in Europe. DMF approval in the US was based primarily on two successful clinical trials: DEFINE (Determination of the Efficacy and Safety of Oral Fumarate in Relapsing-Remitting MS)[@CIT0001] and CONFIRM (Comparator and an Oral Fumarate in Relapsing-Remitting Multiple Sclerosis).[@CIT0002] FDA approval was granted based on demonstrated efficacy in several clinical outcomes measures for MS: proportion of patients who had a relapse by 2 years (primary endpoint DEFINE),[@CIT0001] annualized relapse rate (ARR, primary endpoint CONFIRM),[@CIT0002] and various secondary efficacy endpoints (number of new or enlarging gadolinium-enhancing or hyperintense lesions on T2-weighted images, the number of new hypointense lesions on T1-weighted images, proportions of patients with a relapse and time to disability progression).[@CIT0001],[@CIT0002] Despite its approval and wide use, the exact mechanism of action of dimethyl fumarate is not fully elucidated[@CIT0017] and its effects on the immune system appear to be multifactorial.

There are several mechanisms by which DMF is considered to be effective in MS. The first identified beneficial mechanism of action for DMF in MS was primarily related to its anti-oxidant effects acting via nuclear factor erythroid-derived 2-related factor (Nrf-2) dependent and independent anti-oxidant pathways.[@CIT0018]--[@CIT0021] Nrf2 is a transcription factor important for maintaining cellular redox homeostasis. DMF activates Nrf2, allowing it to migrate to the nucleus and induce expression of genes for anti-oxidants and detoxifying enzymes, including hemoxygenase-1 (HO-1), NADPH quinone dehydrogenase (NQO-1), and glutathione S-transferase (GST-1). The downstream effects of these molecules have been shown to possess anti-inflammatory and antiproliferative activity.[@CIT0018]--[@CIT0021]

DMF has also been shown to affect the proportions and phenotype of inflammatory immune cells toward favoring an anti-inflammatory state. With the administration of DMF, the number of proinflammatory T cells including CD8+ T cells, CD4+ T cells, CD19+ B cells, CD56^dim^ NK cells, plasmacytoid DCs, and eosinophils are decreased.[@CIT0022],[@CIT0023] DMF can also reduce in vitro binding of T-cells to adhesion molecules (ie Intercellular adhesion Molecule 1 \[ICAM-1\]) and therefore prevent immune cell migration.[@CIT0024] In mouse models, DMF decreased the expression of integrin α4, on CD3+ T and B220+ B cells and was shown to decrease the severity and incidence of the clinical scores, as well as delay the onset of experimental autoimmune encephalomyelitis (EAE).[@CIT0025] These effects are likely contributing to the reduction of overall CNS inflammation in MS patients treated with DMF. On the other hand, it has been suggested that DMF may confer neuronal protection against proinflammatory toxic microenvironments by altering microglia phenotype.[@CIT0026]

DMF has been a widely-used MS medication since its initial FDA approval in 2013 which provided us with an extensive database on prior and ongoing assessment of medication-related efficacy and tolerability as well as side effects and adverse reactions. In the phase 3 studies of DMF, both DEFINE and CONFIRM, the adverse events which occurred at a higher incidence with active treatment than placebo included flushing and gastrointestinal events including diarrhea, nausea, and/or upper abdominal pain at a rate of 36% with twice-daily DMF in the CONFIRM trial.[@CIT0001],[@CIT0002] These adverse events were reported to subside after the first month of use. Allergic reactions as well as elevations in liver enzyme and bilirubin levels have also been reported, though in some cases transaminitis may be transient.[@CIT0027] In clinical practice, flushing and gastrointestinal adverse effects are the most common reasons people are unable to tolerate therapy with DMF. These effects can be mitigated by the administration of low dose aspirin prior to the DMF dose, and/or dose administration with food.

Lymphopenia is also a fairly common and potentially dangerous side effect of DMF seen in approximately 16.5% of patients,[@CIT0028] contributing to the development of infections such as upper respiratory infections. More serious opportunistic infections, such as progressive multifocal leukoencephalopathy (PML) may also occur in patients on DMF. To date, seven PML cases have been reported in PwMS on DMF; six of those were associated with moderate to severe, prolonged lymphopenia (unpublished data; Tecfidera: PML Case Reports; Biogen Medical Information; 2019). Thus, current guidelines recommend lymphocyte count monitoring at baseline and at least every six months thereafter.

When considering initiation of DMF, all of the above potential side effects need to be considered with risks and benefits carefully weighed during a shared decision making with patient and family. What may add much more to the consideration of DMF as a therapy for a specific patient, are reports on PROs, which may assist in providing a more thorough assessment of the patient's day-to-day response and tolerability of the medication.

Existing Literature on Dimethyl Fumarate and PROs {#S0005}
=================================================

PROs Assessed in Studies on DMF and MS {#S0005-S2001}
--------------------------------------

To date, a review of Pubmed identified six published studies that have included the use of DMF as one of the treatment arms and have reported on PROs as secondary or tertiary end-points; these studies are presented in [Table 3](#T0003){ref-type="table"}. Twelve distinct PRO measures have been reported in these studies. There are no studies on DMF which have reported on PROs as primary end-points. Table 3Existing PRO Studies and Dimethyl FumarateStudyN PatientsDisease TypeStudy DesignTime FramePROs UsedOutcomeDEFINE[@CIT0001]1234\
DMF BID (n=410)\
DMF TID (n=416)\
Placebo (n=408)RRMSDouble Blind,\
Placebo controlled24 monthsSF-36\
EQ-5D\
Global well-being-VASThe scores from all measures\
showed significant improvement\
in the treatment group\
compared to the placeboCONFIRM[@CIT0002]1417\
DMF BID (n=359)\
DMF TID (n=345)\
Placebo (n=363)\
GA (n=350)RRMSDouble Blind,\
Placebo controlled and\
active comparator24 monthsSF-36\
EQ-5D\
Global well-being-VASThe scores from all measures\
showed significant improvement\
in the treatment group\
compared to the placebo\
There was no significant difference between DMF and GA groupDEFINE/CONFIRM Integrated Analysis[@CIT0031]2301\
DMF BID (n=769)\
DMF TID (n=761)\
Placebo (n=771)RRMSDouble Blind,\
Placebo controlled24 monthsSF-36\
EQ-5D\
Global well-being-VASThe scores from all measures\
showed significant improvement\
in the treatment group\
compared to the placeboWork Productivity Outcomes[@CIT0042]31(DMF)\
229(Beta-INFs and GA)RRMSCross-Sectional StudyCross\
SectionalHAQUAMS\
EQ-5D\
WPAI-MSThe scores from all measures\
was significantly better in the DMF group\
compared to the Beta interferon and GA's.RESPOND[@CIT0034]318(received ≥1 dose of DMF)RRMSObservational\
Study12 monthsSF-36\
MFIS-5\
TSQM-14\
WPAI-MS\
BDI-7\
PR-EDSSPR-EDSS and WPAI-MS scores remained stable and others showed significant improvement compared to the baselineInterim Analysis of ESTEEM[@CIT0045],[@CIT0046]2025\
(received ≥1 dose of DMF)RRMSObservational Study12 monthsMSIS-29\
MFIS-5\
EQ-5D-5L VAS\
WPAI-MSThe scores from all measures\
remained stable\
compared to the baselinePROTEC[@CIT0047]1105\
(received ≥1 dose of DMF)RRMSObservational Study12 monthsMSIS-29\
MFIS-5\
TSQM-14\
EQ-5D-5L VAS\
PRIMUS\
WPAI-MS\
BDI-7The scores from all measures\
showed significant improvement\
except for PRIMUS which stayed stable\
compared to the baseline

DEFINE, CONFIRM and an Integrated Analysis {#S0005-S2002}
------------------------------------------

As previously described, DEFINE[@CIT0001] and CONFIRM[@CIT0002] were two phase 3, placebo-controlled randomized clinical trials to assess the efficacy of DMF (240 mg), with twice-daily (BID) and thrice-daily (TID) arms. The CONFIRM study utilized a glatiramer acetate (GA) comparator arm as well. In both of these clinical trials PROs were reported as a tertiary outcome result.[@CIT0029]--[@CIT0031] With respect to PROs, the Short Form-36 (SF-36)[@CIT0032] and the European Quality of Life-5D (EQ-5D),[@CIT0033] two well-known health-related quality of life (HRQoL) questionnaires were assessed at baseline and six, twelve and twenty-four months. The SF-36 is a questionnaire with two separate components: a Physical Component Scale (PCS), measuring physical functioning, physical role, bodily pain, and general health, and a Mental Component Scale (MSC), comprised of assessments for vitality, social functioning, and emotional and mental health.[@CIT0032] The EQ-5D also includes two components: the EQ-5D and the EQ-VAS. The EQ-5D describes the patients' health status in five categories: mobility, self-care, usual activities, pain/discomfort, and anxiety/depression. The EQ-VAS is an integrated visual analog scale from 0 (the worst possible health status) to 100 (the best possible health status) wherein the patient is instructed to indicate his or her general health status by drawing a line on the scale at the time of the visit.[@CIT0033]

Additionally, the Global Impression of Well-being Visual Analog Scale (GI-VAS)[@CIT0029] was assessed at baseline and every three months after. Scoring for the GI-VAS is similar to that for the EQ-VAS and results were given as the comparison of scores at two years to the baseline scores. Due to the similarity of the trials, an integrated analysis of both studies was published and will be referenced here.[@CIT0031]

In the SF-36 analysis, PCS and MCS scores were below average for all arms at baseline, which indicated impairment of the HRQoL in PwMS. At the two-year follow-up, both DMF treatment arms showed a highly statistically significant improvement in the PCS scores compared to the placebo arm. EDSS scores at baseline were negatively correlated with PCS and MCS scores. The investigators reported that among PwMS with EDSS scores ≥2.5 at baseline, the percentage of patients who showed clinically meaningful (Δ \>5 points) improvement in PCS and MCS scores favored the treatment arm as well, though this data was not explicitly provided in the paper.[@CIT0031]

In addition, patients with disability progression scored significantly lower on the PCS and MCS compared to the group without disease progression at the end of two years. Thus, both the baseline EDSS scores and the change in the EDSS scores were associated with HRQoL in PwMS. Furthermore, the EQ-5D and GI-VAS also showed statistically significant improvement in both arms of the DMF group compared to the placebo arm at two years.

When compared to the GA treatment arm in the CONFIRM study,[@CIT0030] similar results were found for the DMF BID and TID treatment arms with respect to PROs. The participants treated with GA showed also significantly improved PRO scores compared to the placebo group. PRO benefits of the GA and DMF arms were broadly comparable but the study was not designed to prove the superiority of either treatment.[@CIT0030]

Respond {#S0005-S2003}
-------

The RESPOND (Effectiveness of DMF and its impact on PROs in suboptimal GA responders with RMS) study was a Phase 4, prospective, multicenter, open-label, single-arm, 12-month observational trial.[@CIT0034] In this trial, the investigators assessed the effectiveness of DMF on PROs as secondary endpoints in patients with relapsing MS who switched to DMF due to suboptimal response to GA. The study utilized SF-36 as an HRQoL assessment tool as well as other PROs including: the Beck Depression Inventory fast screen (BDI-FS),[@CIT0035] the 5-item Modified Fatigue Impact Scale (MFIS-5),[@CIT0036] the 14-item Treatment Satisfaction Questionnaire for Medication (TSQM-14),[@CIT0037] the 8-item Moriski Medication Adherence Scale (MMAS-8)[@CIT0038] and the Patient Determined Disease Steps (PDDS). Baseline PRO scores were compared with scores twelve months later.[@CIT0034]

Investigators reported a statistically significant improvement compared to baseline in both the MCS component and the PCS component of the SF-36 (a mean change of 1.71 \[p=0.0014\] and 1.63 \[p=0.02\], respectively). It should be noted that this mean change, though statistically significant, does not reach the magnitude previously identified as a clinically important difference.[@CIT0039],[@CIT0040] The mean magnitude of change in SF-36 components in the RESPOND study was less than that in DEFINE and CONFIRM.[@CIT0031] It is also important to note that change in SF-36 may have been lower among patients in the RESPOND study because they switched from an active comparator arm (GA), rather than comparison with placebo. It would have also been useful for authors in the RESPOND, DEFINE and CONFIRM studies to have provided data on the proportion of individuals who reached a clinically meaningful improvement in SF-36 upon treatment with DMF.

With respect to other PROs of interest, participants treated with DMF in RESPOND also demonstrated significant improvement in fatigue, as measured by the MFIS-5 (mean change=−0.88 \[p=0.0002)\]), and a statistically significant improvement in depressive symptoms as well (mean change in BDI-7 scores= --0.54 \[p=0.0117\]).[@CIT0034] In addition, PwMS taking DMF reported a statistically significant improvement in TSQM-14 scores overall, as well as in effectiveness, side effects and convenience subcomponents scores, over twelve months compared to baseline (p-value\<0.0001 for all).[@CIT0034] Improvement in work productivity as measured via the Work Productivity and Activity Impairment-Multiple Sclerosis (WPAI-MS) scale[@CIT0041] was also seen; PwMS on DMF had a significant mean change in WPAI-MS of 4.31 \[p=0.0201\]).[@CIT0034]

Adelphi MS Disease Specific Program {#S0005-S2004}
-----------------------------------

A cross-sectional study was performed which compared work productivity outcomes and HRQoL in PwMS who initiated on DMF with those taking other DMTs; specifically, interferon beta 1a, 1b or GA.[@CIT0042] The data was pulled from Adelphi MS Disease Specific Programme, a multinational cross-sectional study with 2965 RRMS and 494 SPMS patients.[@CIT0042] Thirty-one patients from the DMF treatment group and 229 patients from the other therapies group who completed at least one WPAI-MS assessment or an HRQoL measurement were included in this study. Investigators found that patients treated with DMF were more likely to be employed full-time and were less likely to have retired due to MS. The WPAI score was also higher in the DMF group, indicating that the PwMS treated with DMF had better overall work impairment, absenteeism and presenteeism scores and less work and activity impairment compared to those being treated with other DMTs (estimated average treatment effects \[ATE\] on subscales of WPAI for work impairment = −13.92, p-value≤0.001, absenteeism = −2.06, p-value = 0.012, and presenteeism = −12.97, p-value\<0.001).

Patients treated with DMF also demonstrated better HRQoL assessment based upon reported improvement in The Hamburg Quality of Life Questionnaire for Multiple Sclerosis (HAQUAMS)[@CIT0043] and EQ-5D. Regression analysis between HRQoL and WPAI-MS results further indicated that better quality of life was associated with improvement in work productivity.[@CIT0042] It is important to note that there were only thirty-one DMF patients in the Adelphi database, which significantly limits the conclusions that can be drawn from this analysis. Furthermore, these results were not interpreted within the context of clinically meaningful change on any of these PRO scales. In particular, difference in the HAQUAMS between PwMS treated with DMF and PwMS treated with other DMTs was relatively small in magnitude, though statistically significant for better outcomes.

Esteem {#S0005-S2005}
------

ESTEEM ("A multicenter, global, observational study to collect information on safety and to document the drug utilization of Tecfidera \[dimethyl fumarate\] when used in routine medical practice in the treatment of multiple sclerosis") is a 5-year prospective, non-interventional study that is ongoing.[@CIT0044] In this study, 2025 patients who had received at least one dose of DMF were followed and PRO measures were reported as secondary endpoints assessed at baseline, twelve and twenty-four months. The Multiple Sclerosis Impact Scale (MSIS-29), EQ-5D-5L and EQ-VAS were utilized as HRQoL assessments. Other PRO measures reported in this study include the MFIS-5 and WPAI-MS. At both follow-up timepoints, PRO scores remained stable or improved compared to baseline; in particular, participants reported improvement in the psychological component of the MSIS-29, the MFIS-5 and all subscales of the WPAI-MS.[@CIT0045] Scores on the physical impact component of the MSIS-29, on the EQ-5D-5L and on the EQ-VAS remained stable.[@CIT0045] However, the investigators cautioned that they were unable to determine a clinically meaningful change for this measure, which is a problem for many PROs utilized for PwMS.[@CIT0045],[@CIT0046]

Subgroup analyses were also performed after twenty-four months of follow up and the participants were grouped into three categories: newly diagnosed, early MS patients, and those switching from interferons or glatiramer acetate to DMF.[@CIT0045] While all subgroups showed a similar trend to the total study population, there was no comparison made directly between groups. This was true for PROs as well as annualized relapse rate (ARR) which was a primary endpoint of this study.

Protec {#S0005-S2006}
------

PROTEC ("A multicenter, open-label study evaluating the effectiveness of oral tecfidera \[dimethyl fumarate\] on MS disease activity and patient-reported outcomes in subjects with relapsing-remitting multiple sclerosis in the real-world setting") is a phase IV, open-label, single-arm study conducted in Canada and Europe. In this study, 1105 patients received at least one dose of DMF and PRO measures were reported as secondary end-points and assessed at baseline and twelve months.[@CIT0047] The MSIS-29 and EQ-5D-5L VAS were utilized as HRQoL assessments. Other PRO measures reported in the study were: MFIS-5, TSQM-14, WPAI-MS, BDI-Fast Screen and the activity scale portion of PRIMUS. A statistically significant improvement in HRQoL outcomes, including physical (n=868) and psychological (n=869) components of MSIS-29 and EQ-5D-5L (n=803) was reported. Patients taking DMF also reported statistically significant improvements in fatigue (MFIS-5), depression (utilizing the BDI-fast screen), treatment satisfaction (as measured via the TSQM-14), and work productivity outcomes (WPAI-MS). There were no statistically significant changes in the activity scale of the PRIMUS during this study.[@CIT0047]

Subgroup analyses were performed in PROTEC as well. Participants were grouped into four categories: newly diagnosed patients (classified as patients diagnosed within the prior 1 year and who were naïve to MS-approved DMTs), patients with an EDSS ≤ 3.5, patients with ≤ 1 relapse in the prior year, and patients who had both a baseline EDSS ≤ 3.5 and ≤ 1 relapse in the prior year.[@CIT0047] All subgroups demonstrated a statistically significant improvement in the MSIS-29, MFIS-5 and EQ-5D-5L VAS from baseline to 12 months.

Perspectives {#S0006}
============

Though studies are limited, evaluation of DMF via PROs are generally favorable. DMF was associated with improved quality of life outcomes both physically and psychologically in most of the six available studies, both with generic and MS-specific HRQoL assessment tools. PROs have also been reported as secondary or tertiary outcomes for other DMTs in phase 3 clinical trials with active comparators. The SF-36 and MS functional composite score (MSFC) have been utilized as PRO measures for ocrelizumab in OPERA I and II studies[@CIT0048] and analyses of several PROs have also been reported for alemtuzumab in CARE-MS I and II phase 3 clinical trials.[@CIT0049],[@CIT0050]

It is important to acknowledge that there are several limitations with respect to the study of PROs in PwMS. Many PRO measures used in PwMS have not been validated in MS-specific populations. Clinical trials and other studies typically utilize PROs as secondary or tertiary endpoints; therefore, these studies are not powered for PROs and PROs are often part of post hoc analyses. Further studies to develop and validate PROs in MS-specific populations are needed. This review was limited to the scope of PROs used in studies of DMF and excluded other MS medications due to publication size constraints.

As demonstrated through this review of studies on PROs in PwMS treated with DMF, PROs are increasingly recognized as important as not only an approach for rigorous clinical evaluation of a drug, but also as real-world measures that are meaningful to the patient on a personal level. Since the tolerability of a medication affects treatment adherence and thus efficacy, the importance of acquiring this information cannot be overstated for a better patient-centered approach to medical care. In the US, the Center for Device and Radiological Health at the FDA was an early adopter of the use of PROs for device approvals and is continuing to expand the inclusion of PROs in regulatory decisions. PRO measures are a qualifying clinical outcome assessment for drug development at the Center for Drug Evaluation and Research at the FDA. Federally-funded studies now encourage the inclusion of PROs. The Patient-Centered Outcomes Research Institute (PCORI) was established by Congress in 2010 through the Patient Protection and Affordable Care Act, and funds studies with an emphasis on research guided by patients and caregivers. Inclusion of PROs is likely to become more important in determining quality of care in the Merit-based Incentive Payment System as well.

The goal of PRO use is to be able to increase patient engagement in disease management by gaining insight into disease perception of the patient for a more "patient-centered" approach. Many MS patients have difficulty interpreting clinical trial data when choosing an MS medication.[@CIT0051] In fact, patients often turn to social media and online support groups for guidance from other MS patients on DMT selection. As demonstrated in this review, a recent study indicated that PROs may predict disability worsening among PwMS and can be used in conjunction with objective clinical findings and imaging to guide DMT management.[@CIT0010] With appropriate validation in relevant populations, PROs could be useful in the clinical setting, as they can provide a scientific outcome measure of patient perspectives and personal experience with DMTs, in addition to the traditionally used clinical outcome measures. As PROs are increasingly utilized in the context of clinical trial design and post-marketing measures of efficacy, current barriers including lack of expertise, lack of regulatory predictability and impact of PROs should be surmounted.
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[^1]: **Abbreviation:** MeSH, Medical Subject Headings.
